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This research studies the chemical nature of zirconia and the complex surface 
chemistry of zirconia in order to better comprehend its behavior under chromatographic 
conditions. This research shows how the physical and chemical properties of zirconia 
depend strongly on the thermal treatment during synthesis. The morphology of the 
samples was also studied.  The absorption capability of Adenosine Triphosphate (ATP) 
on zirconia was also monitored and spectrally characterized. 
The results of this research showed how the properties of zirconia vary with thermal 
treatment. It was observed that the zirconia prepared at a higher temperature had lower 
surface area, lower pore size and pore volume as compared to the zirconia prepared at a 
lower temperature. The morphology studies showed the porosity of the zirconia. The 
results from the absorption experiments showed that zirconia prepared at a higher 
temperature absorbed more ATP than the zirconia prepared at a lower temperature. 
Significant changes were also observed on the pellets of zirconia pre and post absorption 
experiments. I hope that this research sheds more light on the complex properties of 
zirconia’s surface chemistry and the results of this study could better help in the 
application and use of zirconia in chromatography to separate proteins. 
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I. INTRODUCTION 
1.1 Overview 
Zirconium (IV) oxide or ZrO2 sometimes known as zirconia is a white crystalline 
oxide of zirconium. It can exist in both crystalline and amorphous forms as shown in 
figure 1. It is odorless, non-flammable, has no reaction with water and is very insoluble in 
water. Zirconia has a density of 5.89g/cm3 and a molar mass of 123.22g/mol. It has a 
boiling point of 5000oC and a melting point of 2175oC (1). Zirconia is the only pure 
metal oxide whose surface has acidic properties as well as basic properties (2) that is, it is 
amphoteric. The surface may either act as a Lewis acid or as a Lewis base. 
 
  
 
Figure 1: Amorphous zirconia (soft Zirconia)                         Cubic Zirconia 
www.en.wikipedia.org/wiki/zirconium_dioxide (1) 
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 1.2 Phases and structures of zirconia 
Pure zirconia exists in three crystal phases at different temperatures. It’s most 
naturally occurring form is a monoclinic crystalline structure at room temperature. Its 
monoclinic structure transitions to tetragonal and cubic crystal structures at higher 
temperatures. The material has a cubic structure at high temperatures greater than 
2730oC, and a tetragonal structure at intermediate temperatures ranging between 1170oC 
to 2370oC. The transformation from tetragonal to monoclinic is very rapid and is 
accompanied by a 3 to 5 % volume increase. Upon cooling, pure zirconia will crack due 
to the large stress as a result of this volume expansion as it transitions from cubic to 
tetragonal to monoclinic phase. This behavior destroys the mechanical properties of 
fabricated components during cooling and makes pure zirconia useless for any structural 
or mechanical application. For these reasons, several oxides of magnesium, calcium and 
cerium are added to stabilize the tetragonal and cubic phases of zirconia.  
Most often than not, the tetragonal phase of zirconia is metastable. The stabilized 
state of zirconia is very useful. A mechanism known as transformation toughening 
greatly increases the reliability and lifetime of the products made with stabilized zirconia. 
In this mechanism, stress is applied to a sufficient amount of tetragonal metastable phase. 
The applied stress is magnified by the stress concentration at a crack tip and will cause 
the tetragonal phase to convert to monoclinic with a volume expansion. This 
transformation puts the crack into compression, slowing down the growth and thus 
improving fracture toughness.        
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The cubic phase of zirconia exists at high temperatures and has low thermal 
conductivity. The stabilized cubic form has incorporated oxides of Ca (CaO), Mg (MgO), 
and Y2O3 that converts it to a solid solution which has no phase transformation during 
heating and cooling. This makes the stabilized cubic zirconia a very valuable refractory 
material. Stabilization of the cubic phase has also made it possible for the material to 
serve as a thermal barrier coating in diesel engines to allow operation at higher 
temperatures. Thermodynamically, the higher the operating temperature of an engine, the 
greater the possible efficiency. It is often used as a refractory material, in insulation, 
abrasives, enamels and ceramic glazes. The stabilized cubic zirconia is also used in 
oxygen sensors and fuel cell membranes because it has the ability to allow oxygen ions to 
move freely through the crystal structure at high temperatures. It is also considered as the 
most useful electroceramic because of the high ionic conductivity (low electronic 
conductivity) it exhibits. The band gap which typically ranges from 5-7 eV depends on 
the phase (monoclinic, tetragonal, cubic and amorphous) and the preparation method. The 
stabilization of zirconia could be in various degrees; they are discussed as follows: 
a. Unstabilized (Pure) Zirconia 
Pure zirconia has no additives incorporated into it. It is monoclinic at room 
temperatures and changes to the denser tetragonal form at about 1000oC. This involves a 
large volume change and creates cracks within its structures. Consequently pure zirconia 
has low thermal shock resistivity. However, it is very advantageous when added to high-
fired magnesia and alumina compounds. It promotes sinterability and with alumina, 
contributes to abrasive characteristics. 
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b. Partially Stabilized Zirconia (PSZ) 
Partially Stabilized Zirconia (PSZ), a mixture of zirconia polymorphs, occurs 
when insufficient stabilizers have been incorporated into the material and a cubic plus 
metastable tetragonal zirconia mixture is obtained. A smaller addition of the stabilizers to 
pure zirconia will bring its structure into a tetragonal phase at a temperature greater than 
1000oC, and a mixture of cubic phase and monoclinic (or tetragonal) phase at lower 
temperatures. Thus, the partially stabilized zirconia is also known as tetragonal zirconia 
polycrystal (TZP).  
PSZ consists of larger than 8mol% (2.77wt%) of MgO, 8mol% (3.81wt%) of CaO, or 3-4 
mol% (5.4-7-1 wt%) of Y2O3 as shown in table 1. 
 
Table 1: Chemical analysis of partially stabilized zirconia (PSZ) 
www.zircoa.com/product.related/engineering.solutions.html (3) 
 
 
 
Magnesia Stabilized zirconia Calcia Stabilized zirconia 
Bulk Density 4.6 g/cc 4.3 g/cc 
Apparent Porosity 18% 23% 
Modulus of Rupture 3000 psi 3000 psi 
Thermal 
Expansion(DL/L/°C)10-6 
  
@ 600°C 7.0 8.0 
@ 1000°C 6.0 9.5 
@ 1300°C 2.5 8.0 
Thermal Conductivity @ 
800oC 
1.6 W/mK 1.5 W/mK 
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Two main properties responsible for toughening in PSZ are microcrack and 
induced stress.  The microcrack property depends on the difference in the thermal 
expansion between the cubic phase particle and the monoclinic (or tetragonal) phase 
particles in PSZ.   
The difference in the coefficient of thermal expansion between the monoclinic 
and cubic form is responsible for the development of microcracks. The induced stress 
property depends on the tetragonal-to-monoclinic transformation, once the application 
temperature passes the transformation temperature at about 1000oC. The cubic matrix 
provides a compressive force that maintains the tetragonal phase. Stress energies from 
propagating cracks cause the transformation from the metastable tetragonal to the stable 
monoclinic zirconia. The energy used by this transformation is sufficient enough to slow 
or stop the propagation of cracks. PSZ has been used where extremely high temperatures 
have been required. Figure 2 depicts a graphical illustration of the material at this state. 
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Figure 2: The binary system of CaO-ZrO2 
www.stanfordmaterials.com/zr.html (4) 
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c. Fully stabilized zirconia 
This material has more than 16mol% of CaO (7.9wt%), 16mol% MgO (5.86%) or 
8mol% of Y2O3 (13.75%) incorporated into the structure. The structure becomes a cubic 
solid solution which has no phase transformation from 25oC to 2500oC as shown in 
Figure 2. 
1.3 Physical and Chemical Properties 
• High dielectric constant 
• High density  
• Low thermal conductivity  
• Chemical inertness 
• Resistance to molten metals 
• Ionic electrical conduction 
• Wear resistance 
• High fracture toughness 
• High hardness 
1.4 Typical uses and application of ZrO2 
• Hot metal extrusion dies 
• Powder compacting dies 
• Oxygen sensors 
• Fuel cell membranes  
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• Jewelry: The cubic phase of zirconia is a common substitute for diamond in 
jewelry because of their cubic structure and high refractive index similar to 
diamond.  
• Subframes: Used in the manufacture of subframes for the construction of dental 
restorations such as crowns and bridges 
• Limelight: Used as an ingredient of sticks for limelight because of its infusibility 
and brilliant luminosity when incandescent. 
• Semiconductors: Used in semiconductor manufacturing processes where it has 
replaced the use of silica SiO2 for this application because of its high dielectric 
constant 
• Cutting tools: Knives and scissors; most knives and scissors after many uses will 
experience abrasion and blunting of the cutting edge. Zirconia materials in this 
application retain their edge and stay sharp longer. This is due to their high 
hardness and high strength because it is tougher than most materials that are 
usually cut. 
• Seals, Valves and Pump Impellers: Transport of slurries and aggressive chemicals 
present a difficult materials problem due to high temperature and pressure flow. 
Materials made with zirconia help to reduce such problems. This is attributed to 
its chemical resistance, and good surface finish to resist fouling and to minimize 
friction on sliding surfaces. 
• Refractory applications: used in refractory compositions to enhance thermal shock 
resistance and abrasion resistance. 
10 
• Orthopedic Implants: Zirconia is used as a femoral head component in hip 
implants. Reasons are high strength and high toughness 
• Column packing material for high performance liquid chromatography (HPLC) 
• Paper chromatography: Zirconyl Hydroxide Zr(OH)4 is used in paper 
chromatography and has been reported to successfully separate amino acids (5). 
 
The most promising application of zirconia in chromatography is its use as a 
column packing material for high performance liquid chromatography (HPLC). The 
perfect HPLC support material should be energetically homogenous, have a high surface 
area on which different chemical species can be reversibly or irreversibly attached to so 
as to provide useful selectivity for many separation problems. It should be physically and 
chemically stable over a wide range of pH, temperature and solvent conditions (6). It 
should have variety of pore sizes, pore shapes and pore volumes. Most existing supports 
do not have all of the above listed attributes. For this reason, studies are constantly 
conducted to discover other new and improved supports for this application. Table 2 
shows the comparison of zirconia to silica and other synthetic polymeric supports in 
terms of chromatographic properties. 
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++ = very good performance; + = good performance; - = fair performance (6) 
 Zirconia Silica Polymeric phases 
Mechanical Stability ++ ++ + 
High Surface Area ++ ++ ++ 
Control of particle 
diameter 
++ ++ ++ 
Swelling ++ ++ - 
Chemical Stability 
(acid, base) 
++ - ++ 
Thermal Stability ++ + - 
Control of average 
pore diameter 
++ ++ + 
 
Table 2: Comparison of zirconia to silica and other synthetic polymeric supports in terms 
of chromatographic properties. 
1.5 Zirconia’s preference over silica and other polymeric supports 
Though silica and modified silicas have been found to be very good support materials 
for HPLC, zirconia is quite preferred over silica as support materials particularly due to:  
• pH dependence: Silica and silica based materials are only stable between pH 
range 2 -8 (7, 8). Above pH 8, silica is subject to attack by hydroxyl ion and it 
undergoes dissolution. Below pH 8, the siloxane linkages which hold bonded 
phases to silica are subject to hydrolytic attack and are slowly removed from the 
surface (9, 10). 
• Temperature dependence: Zirconia is more thermally stable than silica and silica 
based phases. The dissolution of silica and removal of bonded phases is 
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 accelerated at higher temperature and leads to changes in retention, selectivity, loss 
of column bed integrity (6). 
• Surface Chemistry: The unique surface chemistry of zirconia makes it a better 
support material because it is possible the surface dynamically by addition of 
competing Lewis bases to the mobile phase, or permanently, by covering its 
surface with polymers or by depositing carbon (6) to optimize separations. And 
since resolution in chromatography depends much more on selectivity than on 
efficiency there will always be an interest to develop supports with tunable 
selectivity. 
Other important reason why zirconia is preferred over silica is because of its 
remarkable mechanical, chemical, and thermal stability as shown in Table 2. 
1.6 Methods of preparation 
The method of preparation of zirconia strongly influences the properties of the 
precipitate and structure of the zirconia formed. A known method of preparation is by 
precipitation from zirconium or zirconyl salts (2) or from zirconium alkoxides (11). In 
both methods of preparation, pH is an important factor that can influence the crystallinity 
of the precipitate formed. Tetragonal phases are most likely to form at pH < 6.5 or >10.4 
and monoclinic phase between the range 6.5 < pH > 10.4 (12). Srinivasan et al (13) also 
made similar observations, whereby the range of pH in which monoclinic zirconia is 
formed is 3 < pH < 10. 
Clearfield (14) proposed a mechanism of crystallization of zirconia based on pH 
and time. He showed that a slow process at extreme pH values favors the tetragonal  
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structure while rapid precipitation at lower pH values leads to amorphous precipitates. It 
should also be noted that the degree of mesoporosity as well as total pore volume 
increases with increasing pH (15). 
Other known methods of preparation are by thermolysis of zirconium salt and a 
sol-gel type process of preparation (16). Thermal decomposition of zirconium sulfate at 
1000C leads to a mesoporous material with high surface area of 90m2/g (17). 
Decomposition of Zr(NO3)4 at 500C in the presence of H3PO4 leads to amorphous, highly 
acidic zirconia with a specific surface area of 290m2/g (18). 
It is important to note that either the amorphous or crystalline form of zirconia can 
be formed depending on the conditions and method of precipitation. It is believed that 
zirconia for chromatographic purposes should be thermally pretreated at an absolute 
minimum temperature of 400C to avoid micro pores and to strengthen the particles (19). 
In summary, amorphous forms are more likely formed at lower temperatures and 
the crystalline phases at higher temperatures. However, it is not known whether the four 
structures (amorphous, monoclinic, tetragonal and cubic) have significantly different 
chromatographic properties. 
Studies are still being conducted to further understand the unique and complex 
chemistry of zirconia. Although earlier studies have tried to examine the complex 
chemistry of its surface, its comparison with silica surface and its importance in ligand 
exchange in liquid chromatographic applications. Strong, hard Lewis acid sites, present 
on a zirconia surface, can interact with hard Lewis bases and these interactions, 
sometimes troublesome, can be successfully exploited even for protein separations. 
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1.7 Adenosine Triphosphate (ATP) 
Adenosine Triphosphate ATP is a multifunctional nucleotide. It is the primary 
molecule involved in energy transfer in a cell. It is highly soluble in water and quite 
stable in pH range 6.8 – 7.4, but is rapidly hydrolyzed at extreme pH (20). It has a molar 
mass of 507.18 g/mol and a pKa value of 6.5. The chemical structure is shown in figure 3. 
 
Figure 3: Chemical structure of Adenosine Triphosphate (ATP) 
Adenosine Triphosphate ATP is excited between 257 – 280nm and emits at 
approximately 364nm. The absorption and florescence spectrum of ATP are shown in 
figures 4 and 5. 
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 Figure 4:  Absorption spectrum of Adenosine Triphosphate (ATP) 
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Figure 5: Florescence emission spectrum of ATP with excitation at 257nm 
 
In this research, the chemical nature of the base material and the absorption 
capability of ATP on zirconia were studied. Also studied is the spectral characterization 
of the ATP-Zirconia interaction was also examined. The ultimate aim was to determine 
how well zirconia can be substituted with silica in protein separations. 
 
 
 
                                               Wavelength (nm) 
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Literature works reviewed during the course of the research are documented 
below: 
 N.K Sahoo et al used various advanced techniques such as spectrophotometry, laser 
calorimetry, spectroscopic phase-modulated ellipsometry and zygo interferometry to 
characterize and probe inhomogeneity, contamination and inclusions in surface sub layers 
of thin films of TiO2, ZrO2, MgO, Al2O3. They measured the actual surfaces relative to 
their ideal shape. They discovered the errors were in form of bumps and holes in the 
centers and surfaces which are now called surface form errors (21). 
Harris et al (2007) conducted a study on phase transitions in phospholipids using 
confocal Raman Spectroscopy with self-modeling curve resolution. Phase transitions and 
structural changes were detected by measuring the change in enthalpy of liquid samples 
as temperature is varied. The study was categorized by the subtransition (Ts), 
pretransition (Tp) and maintransition phases (22). 
Wirth et al (2001) were the first to use single molecule fluorescence spectroscopy 
to observe the ion-exchange process in a 10nm film of sulfonated polystyrene that was 
equilibrated with a cationic dye rhodamine 6G.  This technique was used because of its 
ability to probe dynamic equilibra with the use of wetted polymer films. It also verified 
that specific adsorption occurs frequently and reversibly (23). 
Wirth et al (1999) studied the adsorption of a cationic dye to active silanols. 
Using Fluorescence microscopy and AFM they investigated strong adsorption sites on 
silica. They found that the dye adsorbs strongly at lines and points on the surfaces which  
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makes topography a prime factor of adsorption to silanols. It also explains why end 
capping reduces the number of strong adsorption sites (24).  
Colon et al (2008) synthesized in a ‘one pot’ reaction a hybrid organosilica 
monolith containing allyl groups. Through a direct S-C bonding, allyl functionality is 
created at the surface of the monolith which provides a good starting material for other 
surface modification. Their work showed that hybrid monolithic columns are particularly 
suitable for CLC and CEC because they eliminate the difficulties of retaining frits in 
packed columns (25). 
Harris et al (2006) conducted a study on controlling binding site densities on glass 
surfaces. Their aim was to control the binding site density of reactive ligands on surfaces. 
This was carried out by diluting the surface amine groups in self-assembled and cross 
linked monolayers composed primarily of cyanoethylsilane on glass. The results from 
imaging by fluorescence spectroscopy showed consistent amine and ligands site 
coverages, indicating that control of binding site densities can be achieved at very low 
fractions of a full monolayer (26).   
A study by Harris et al (2000) examined interfacial photochemical reaction 
kinetics, particularly H-atom abstraction from methyl groups immobilized on a surface of 
a silica colloid by triplet benzophenone. This was monitored by phosphorescence 
quenching. The intermediate diphenylketyl radicals formed were detected using time 
resolved fluorescence to check the mechanism of quenching, yield of free radical and 
ketyl-radical recombination. The findings from this study showed that quenching by  
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colloidal aggregate is 20 times greater than quenching by small dispersed clusters and 
this is due to high concentration of methyl groups within an aggregate (27). 
Wirth et al (2006) probed topography and tailing for commercial stationary 
phases using AFM, FT-IR, HPLC. They studied the surface characteristics of three 
chromatographic silica products Zorbax 300, Symmetry 300, and Merck Chromolith. 
Their aim was to use AFM to examine the nanoscale topography of the products, and to 
compare adhesive force measured by AFM to isolated silanols measured by HPLC, and 
concentration of strong adsorption sites by nonlinear HPLC. (28). 
A study by Harris et al (2001) examined molecular transport and surface binding 
in thin sol-gel films. They employed ATR-FT-IR to study the kinetics of this molecular 
transport and a thin ~400nm, high surface area sol-gel film deposited onto a germanium 
IRE. It was observed that the transport into the film decreased for molecules that interact 
strongly with the silica surface and this is due to adsorption inhibiting the transport of 
molecules through pores (29). 
Harris et al (2000) monitored the reactivity of silica immobilized 8HQ (8-
hydroxyquinoline) with Cu2+ using insitu Raman Spectroscopy and continuous flow 
methods. The aim was to isolate and extract metal ions from solution thereby cleaning the 
environment. A fiber optic Raman probe was inserted into the packed column containing 
porous silica with immobilized ligand on its surface to allow control of metal ion 
exposure to the reactive surface. The structure of the complexed and uncomplexed 
neutral and protonated forms of the ligand were resolved and quantified from the Raman 
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spectra taken under different solution conditions. They confirmed a 1:1 metal/ligand 
stoichiometry of the silica immobilized 8HQ complex (30). 
Harris et al (2001) in this study tested the feasibility of depositing molecules at 
very small fractional monolayer coverages onto surfaces by a technique of withdrawing 
the substrate from a solution of known concentration. The concentration of the small 
surface populations were determined by single molecule counting using a laser excitation 
epi-illumination inverted fluorescence microscope with a CCD detector. At low coverage, 
the number density of florescence spots agree with expected concentration of molecules. 
When the surface densities of molecules are high an overlap of the florescent spot is often 
observed (31). 
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II. EXPERIMENTAL 
2.1 Materials 
Two sample pellets of Zirconium (IV) oxide prepared at 500C and 700C were 
used in this study. The samples were originally synthesized using a sol-gel process at the 
Colon Laboratory in the Department of Chemistry, State University of New York at 
Buffalo. 
The starting material used for this synthesis was zirconium tetrachloride (ZrCl4) 
[CAS 12331-30-5]. It was purchased from Strem Chemicals (Newburyport, MA, USA). 
The distilled water used was purified using a milli-Q UV plus water purification system 
(Millipore, Bedford, MA, USA).  
2.2 Synthesis/ Reaction Scheme  
ZrCl4(s) + H20(l)       ZrOCl2(s) + 2HCl(l) 
ZrOCl2(s) + 2H2O(l)                   ZrO(OH)2(l) + 2HCl(l)              polymerization-
condensation       Zirconium (IV) oxide 
            Adenosine Triphosphate (ATP) [CAS 84412-18-0] used was purchased from 
Sigma Aldrich Chemical. Tris (hydroxymethyl) aminomethane (tris) buffer at pH 10 was 
used in the preparation of ATP solution. Tris buffer is preferred because it is inexpensive, 
and the pH range from 7-10 coincides well with the pH range of 6.8-7.4 of ATP.   
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2.3 Absorption Experiments 
Absorbance analysis was performed using the Shimadzu UV-2101PC 
Spectrophotometer. Tris buffer was prepared first. Exactly 1.214g of the tris buffer was 
measured out using a Fisher Scientific accu-124 weighing balance. A clean and dried 
measuring cylinder was used to measure 100ml of deionized water to make the tris buffer 
solution. The solution was made in a 250ml conical flask and later transferred to a 250ml 
bottle and labeled for proper identification. The tris buffer solution was stored in the lab 
at room temperature during the course of the experiments. 
A 0.050g sample of ATP was weighed out using the same weighing balance. The 
previously prepared 0.1M tris buffer solution was used to make 0.1mM of ATP solution. 
The solution was made in a 250ml beaker and later transferred into a 150ml bottle for 
proper storage. The ATP solution was stored in the refrigerator at 200C. Using a standard 
pipette, 3ml of the ATP solution was placed in a 1cm quartz cuvette.  
The zirconia sample pellets were weighed before the start of the experiments. The 
zirconia sample pellet at 500C was placed at the bottom of the cuvette. The UV 
Spectrometer was calibrated with deionized water and tris buffer solution before the start 
of each experiment. The wavelength range was set between 200nm – 600nm.  After 
calibration of the instrument, the cuvette containing the zirconia sample pellet and ATP 
solution was placed in the cuvette holder inside the instrument and absorption 
measurements were taken at intervals of 1hr to monitor the rate of absorption of ATP by 
the sample, as shown in figure 6. This experiment was repeated three times to ensure 
reproducibility and repeatability of results. 
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In another series of experiment, the concentration of the ATP solution was 
doubled and the zirconia sample pellet at 500C was again placed at the bottom of the 
cuvette and absorption measurements were subsequently taken as shown in figure 7. The 
concentration of ATP was doubled in order to study how well the zirconia sample will 
absorb at higher initial concentration. Once more, the experiments were repeated three 
times to ensure reproducibility of the data. 
The pellets were regenerated after each run by washing in 100mM of NH4OH and 
rinsing with deionized water several times. The pellets are later left to dry under normal 
atmospheric conditions prior to re-use.  
The exact procedures and experiments were followed using the zirconia sample 
pellet prepared at 700C. These results are shown in figures 8 and 9.  
 
2.4 Morphology experiments 
Scanning Electron Microscope (SEM)  
The morphology of the pellets was observed under a JOEL brand Scanning 
Electron Microscope (SEM) model JSM-5400LV in a low vacuum mode. A 
backscattered electron detector was used in detection and the microscope was operated at 
20,000 volts accelerating potential. 
The sample pellets were observed under the SEM before and after the 
experiments. The pellets were mounted onto the sample holder of the microscope to 
 
24 
observe the outer surface of the pellets. The inner surface fracture of both sample pellets 
was also observed under the same microscope as shown in figures 10 through 12. 
2.5 Surface Area, Pore Volume and Size Analysis 
The surface area, pore volume and size for each samples (500oC and 700oC) were 
done at the Institute of Combustion Science and Environmental Technology (ICSET).  
The samples were degassed at 120C for five hours in a vacuum and then analyzed on the 
Micromeritics ASAP 2020 surface area analyzer. The surface area, pore volume and pore 
size were determined using the instrumental software. 
A 0.1381g sample of zirconia prepared at 500C and a 0.1264g of zirconia 
prepared at 700C were used in the analysis. The total time of analysis for the Zr 500C and 
Zr 700C were eight and a half hours and seven hours respectively.  
The Brunauer, Emmett, and Teller (BET) surface area, Langmuir surface area, 
single point surface area, Barret-Joyner-Halenda (BJH) adsorption and desorption 
cumulative surface areas were generated as shown in table 3. 
Pore Volume measurements were also determined in the same experiment. The 
single point adsorption and desorption total pore volume as well as the BJH adsorption 
and desorption pore volumes were generated as shown in table 4. 
Pore Size measurements were determined in the same experiment. The BJH 
adsorption and desorption pore width were also generated and this is shown in table 5. 
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2.6 Fluorescence Experiments 
The fluorescence experiments were performed using the Perkin Elmer PS-55 
fluorimeter. The samples were first crushed into powder form to increase the surface area 
of the material and then soaked in ATP solution for two hours. The sample was filtered 
from the ATP solution after 2hours. Most of the sample was lost during filtration, so the 
procedure was repeated but with the sample in its pellet form. It was soaked in ATP 
solution for two hours and dried at normal atmospheric conditions. The pellets were 
transferred into the solid sample holder and mounted onto the fluorimeter for analysis. 
Each pellet was analyzed separately. Results are shown in figures 22 and 23. 
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III. RESULTS AND DISCUSSIONS 
 
3.1 Forms of zirconia 
 
Zirconia is available in four forms: amorphous, monoclinic, tetragonal and cubic. 
The three crystallographic forms can change from one form to another when subjected to 
different thermal conditions. The amorphous is the first precipitate formed at 
temperatures below 400oC during the synthesis of zirconia. Monoclinic crystals are 
formed at 500oC and the tetragonal phase begins to precipitate at 1000oC. 
  
Monoclinic     Tetragonal      Cubic 
The degree of conversion depends not only on temperature but also on the total 
time of conversion. Based on the mode of synthesis and the thermal history, it can be 
inferred that both zirconia samples prepared at 500oC and 700oC are monoclinic. It is 
necessary to better understand the crystal structure of monoclinic zirconia in order to gain 
a more complete perspective of its unique chemistry and surface.  
3.2 Monoclinic zirconia 
In monoclinic zirconia, the zirconium atom is heptacoordinated to oxygen atoms; 
that is the coordination number of zirconium is 7. This is very unusual and is believed to 
be partly responsible for the unique behavior of the zirconia surface. McCullough and 
Trueblood (32) and Smith and Newkirk (33) solved the crystal structure of monoclinic 
zirconia. Considering the entire ZrO2 structure, each zirconium atom is 
1170o
C000 
2680oC 
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bonded to two atoms of oxygen {O-Zr-O}. They deduced this occurs when a defect exists 
on the surface of zirconia where an oxygen atom is missing from the conjugation; the 
stoichiometry of ZrO2 is unbalanced. The coordination valencies of both oxygen and 
zirconium atoms are unsatisfied. The surface then becomes charged, with the zirconium 
atom acquiring the positive charge and oxygen atoms bearing the negative charge. The 
zirconium atoms on the surface acts as the Lewis acids and the oxygen atoms on the 
surface serves as the Lewis bases. This is the origin of the Lewis basicity and acidity of 
zirconia. Research shows that there are approximately 5µmol of Lewis acids sites/ m2 and 
about 4µmol of Lewis base sites/ m2 (34). This indicates that the surface of zirconia will 
have a propensity to bind to any accessible molecule so as to satisfy its coordination 
valency. 
3.3 Physical properties 
3.3.1 Surface area  
 Surface area is an important chromatographic parameter to be considered when 
choosing a support material. The surface area of zirconia depends strongly on the thermal 
history of the sample. Zirconia with high temperature treatment have been shown to have 
lower surface area than those prepared at lower temperature, reportedly due to 
microcrystallite growth and intercrystallite sintering (35). Zirconia thermally treated at 
temperatures below 400oC will contain micropores. The nature of crystallinity of zirconia 
also has an effect on the surface area. Only tetragonal zirconia has a relatively high 
surface area (≈90m2/g) after high thermal treatment at 800oC. The high surface area of 
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tetragonal zirconia is due to high microporosity (36). Monoclinic zirconia has a more 
stable surface area than tetragonal zirconia. 
The results from the surface area analysis of the zirconia samples at 500oC and 
700oC supports the fact that zirconia treated at lower temperatures have higher surface 
areas than those treated at higher temperatures. This is illustrated in table 3. 
 
 Zirconia 500oC Zirconia 700oC 
BET Surface Area 19.716 m2/g 15.625 m2/g 
Langmuir Surface Area 21.263 m2/g 16. 543 m2/g 
Single point Surface Area 
at relative pressure P/Po 
of 0.3 
19.083 m2/g 15. 041 m2/g 
t-plot external Surface 
Area 
20.051 m2/g 16.880 m2/g 
 
Table 3: Comparison of the surface areas of zirconia at 500oC and 700oC 
The BET method is widely used in the calculation of surface areas of solids by 
physical adsorption of gas molecules. This method of surface analysis is the most used 
surface analysis technique because it considers the multilayer of the solid as compared to 
the Langmuir that considers monolayer molecular adsorption. All data collected for a 
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particular sample were analyzed and collected simultaneously using the same instrument; 
the differences observed can only be attributed to method of calculation and relative 
pressure at which data were measured. 
Careful consideration of the surface areas shows that the zirconia at 500oC has 
approximately 4 m2/g of surface area more than that at 700oC, which suggests that 
zirconia at 500oC, will have more surface area for molecules to adsorb onto. 
3.3.2 Pore volume 
 The pore volume of zirconia also depends strongly on the samples’ thermal 
history. The pore volume of zirconia decreases with increasing thermal treatment. This is 
evident from the pore volume analysis of both zirconia samples at 500oC and 700oC. This 
is illustrated in Table 4. 
 Zirconia 500oC Zirconia 700oC 
Single point adsorption 
total pore volume of pores 
0.089 cm3/g 0.064 cm3/g 
Single point desorption 
total pore volume of pores 
0.079 cm3/g 0.069 cm3/g 
t-plot micropore volume -0.00027 cm3/g -0.00074 cm3/g 
 
Table 4: Comparison of the pore volume of zirconia samples 500oC and 700oC 
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3.3.3 Pore size: 
 Zirconia 500oC Zirconia 700oC 
Adsorption average pore 
width 
18.15nm 16.37nm 
Desorption average pore 
width 
15.93nm 15.68nm 
 
Table 5: Comparison of the pore size of zirconia sample prepared at 500oC and 700oC 
It is observed from the tables that the pore size of the zirconia prepared at 500oC 
is slightly higher than zirconia at 700oC.  
According to the International Union of pure and Applied Chemists (IUPAC) 
classification there are six types of isotherms and four types of hysteresis loops. They are 
shown in figure 6. 
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 Figures 6: Types of isotherms and types of hysteresis loops according to IUPAC 
classification (37) 
  Type IV isotherm with H1 hysteresis loop is considered to be the most favorable 
for chromatographic purposes. The shape of the type IV isotherm is associated with 
capillary condensation taking place in mesopores and limiting uptake over a range of 
high P/Po. The initial part of the isotherm is attributed to monolayer-multilayer 
adsorption. This behavior is typical of materials made up of compacts of approximately 
uniform spheres in a regular array and having a narrow distribution of pore sizes (37). 
Many mesoporous industrial adsorbents give the type IV isotherm. The effects of 
the various factors responsible for the different adsorption hysteresis loops are still not 
fully understood. However, the different shapes of hysteresis loops have been noted with 
specific pore structures. The BET isotherm also indicates that low temperature zirconias 
have spherical pores, which is quite unfavorable for rapid mass transfer in 
chromatography, although upon increased thermal treatment the pores become gradually 
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cylindrical and favors rapid mass transfer. Different zirconias can have different 
adsorption isotherm and different hysteresis loops. 
After analysis, both zirconia pellets were found to have the type IV adsorption 
isotherm and H1 hysteresis loop, which suggest that they can be used for 
chromatographic purposes.  
Full gas adsorption/desorption isotherms are provided by the Micromeritics 
ASAP 2020 instrument. These were conducted using nitrogen gas which is dosed very 
precisely for both adsorption and desorption processes to generate highly accurate 
isotherm data for both samples of zirconia.  
The nitrogen (N2) Gas adsorption/desorption isotherm linear plot for Zirconia 
prepared at 500oC and 700oC is shown below. 
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 Figure 7: Gas adsorption/desorption isotherm linear plot for Zirconia 500oC 
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 Figure 8: Gas adsorption/desorption isotherm linear plot for Zirconia 700oC 
 
In summary, zirconias treated at low temperatures will have higher surface area 
and higher pore volume. They are also known to have lower apparent density and lower 
strength than those treated at higher temperatures.  The higher surface area of the low 
treated zirconia is attributed to its microporosity not mesoporosity (38). Pores of widths 
between 2nm and 50nm are called mesopores and pores with widths not exceeding about 
2nm are called micropores. Lower treatment temperatures result in the presence of 
micropores. It is recommended that materials for chromatographic purposes should be 
pretreated thermally at a minimum of 400oC to strengthen the particles. 
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3.4 Chemical properties: 
The chemical stability of zirconia (monoclinic zirconia) is attributed to its unique 
coordination behavior were each zirconium atom is bonded to seven oxygen atoms as 
compared to silica that has each silicon  atom bonded to four oxygen atoms.  ` 
The stability of zirconia was also tested under both acidic and alkaline conditions 
and has been found to be very stable between pH 1-14. 
The chemical stability of zirconia under alkaline condition was observed when a 
column of zirconia was exposed to a mobile phase of IM sodium Hydroxide (NaOH) at 
100oC for three and a half hours at a flow rate of 1ml/min. No zirconium was detected in 
the column effluent after the experiment. However when alumina was subject to the same 
treatment and condition, approximately 15% of the alumina dissolved and was eluted at 
the end of the experiment (39).  
Despite its high chemical stability under acidic conditions (HCl, pH 1), it was 
found to dissolve in hydrofluoric acid (HF), hot concentrated sulfuric acid (H2SO4) and 
hot phosphoric acid (H3PO4) (40). However, the dissolution in nitric acid is very slow. It 
took thirty four days for fifty percent of the zirconia to dissolve. 
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3.5 Absorbance measurements 
The absorbance capacity of zirconia in ATP was observed after series of 
experiments conducted over several days using the UV/VIS  
The spectra for the absorbance experiments using the zirconia prepared at 500oC are 
shown below.  
 
Figure 9: Absorbance spectra of Zirconia prepared at 500oC in low concentration ATP 
solution 
 
37 
 Figure 10: Absorbance spectra of Zirconia prepared at 500oC in low concentration ATP 
solution (Run 2) 
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 Figure 11: Absorbance spectra of Zirconia prepared at 500oC in high concentration ATP 
solution 
 
Figures 9 and 10 shows the absorbance behavior of zirconia in low concentration 
of ATP. In a further experiment as illustrated in figure 11, the concentration of ATP was 
further increased to see how well zirconia can absorb in a more concentrated 
environment. In all three results, the decrease in absorbance was found to have similar 
pattern with more of the ATP absorption taking place within the first ten hours of the 
experiments.  
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The zirconia pellet appeared to absorb more in the lower concentration of ATP 
with a relatively fast sorption in the first ten hours and slowed down by the 25th hour with 
little or no significant absorption between the 25th and 100th hour. The lower rate of 
absorption observed in the higher concentrated solution of ATP can be attributed to 
overcrowding by the ATP molecules and over saturation of the surface of the zirconia 
pellet. 
Similar observations were also made with the zirconia pellet prepared at 700oC.  
The absorbance spectra are shown below: 
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Figure 12: Absorbance spectra of Zirconia prepared at 700oC in low concentration ATP 
solution (run 1) 
 
 
Figure 13: Absorbance spectra of Zirconia prepared at 700oC in low concentration ATP 
solution (run 2). 
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Figure 14: Absorbance spectra of Zirconia prepared at 700oC in high concentration ATP 
solution 
 
 
 
 
 
 
 
42 
In further experiments elucidated in figures 12 and 13 shows the absorbance 
behavior of zirconia prepared at 700oC in low concentration of ATP. In figure 14, the 
concentration of ATP was further increased to see how well zirconia can absorb in a 
more concentrated environment. In all three results, the absorbance patterns were found 
to be quite similar with more of the ATP absorption taking place within the first eight 
hours of the experiments.  
The sorption of the ATP by the pellet was fastest within the first seven hours from 
the start of the experiment, and decreased gradually in the course of the experiment. This 
slow but steady decline was observed from the 8th hour to the 22nd hour.  
One major difference spotted between the behaviors of both zirconia pellets is the 
zirconia prepared at 500oC had greater absorption throughout the course of experiments, 
when compared to the pellet prepared at 700oC. This observation can be owed to the 
higher surface area and higher pore volume of the zirconia pellet at 500oC. This implies 
that there will be more room in the 500oC zirconia to accommodate any ‘guest molecule’. 
However, both pellets had similar pattern in the uptake of the ATP molecules, with more 
ATP absorbed in the lower concentrated solutions. 
As is known from previous studies, there are more Lewis acid sites on the surface 
of the zirconia pellet than are Lewis base sites. This may explain why there is an 
attraction between the ATP molecules and the zirconia surface with the ATP molecules 
having a negative charge and the zirconia having a positive charge. In order to satisfy its 
unique coordination, it will freely accommodate the ATP molecules to nullify the 
positive charge. 
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3.6 Morphology  
These set of studies were done with Scanning Electron Microscope (SEM) and the 
Light microscope. Images of the pellet were taken pre and post experiments to determine 
if any change would be observed as a result of the absorption by the pellets. The images 
of both zirconia pellets under the SEM are shown below: 
 
Figure 15: SEM image of the surface of the zirconia pellet prepared at 500oC taken at 100 
magnifications 
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 Figure 16: SEM image of the surface of the zirconia pellet prepared at 500oC taken at 
10,000 magnifications. 
The cracks on the surface of the pellet seen in figure 14 are assumed to be a result 
of handling from handling and transportation of the pellet samples or extreme drying. 
Tiny holes are also observed indicating the porous nature of this compound. 
The SEM images of the fractured surface of zirconia pellet prepared at 500oC 
were also taken to compare the morphology of the surface to the inside of the pellet. 
Marked differences were observed from the images taken at a magnification of 100 and 
little or no difference from those taken at a magnification of 10,000. The images are 
shown below as figures 17 and 18. 
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 Figure 17: SEM image of the fractured surface of zirconia pellet prepared at 500oC taken 
at a 100 magnification. 
Very large pores that look like “Swiss cheese” are observed in figure 16 showing 
the porosity of the sample. The pores appear to be cylindrical which is consistent with the 
deductions from BET isotherm that low temperature zirconias usually have spherical 
pores. Some pores appear to be larger and shallower than other pores which can be 
assumed to be due to the samples thermal history. Also, the use of alcohols during the 
preparation of the hydrogels can influence the type and shape of pores in zirconia (41). 
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Figure 18: SEM image of the fractured surface of zirconia pellet prepared at 500oC taken 
at a 10,000 magnification. 
No pores are observed in the above image, only black patches that appear blurred 
which is suggestive of the high resolution under which the picture was taken. 
Figures 15 through 18 are SEM images of the pristine pellet sample of zirconia 
prepared at 500oC before any experiments were conducted. The zirconia pellet at 700oC 
was not observed under the SEM pre experiments due to the fragility of the pellet.  
After completion of the experiments, the SEM images of both pellets were taken 
to study any visible / morphological changes present in the pellets.  
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 Figure 19: SEM image of the surface of zirconia pellet prepared at 500oC taken at a 100 
magnification (Post experiments) 
There are obvious differences observed between the above image and figure 15 
which was taken pre experiment. This surface appears very rough with lots of scratches 
of different pattern, which shows that the pellet has undergone some form of activities. 
The tiny holes observed in figure 15 are also seen in this image.   
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 Figure 20: SEM image of the fractured surface of zirconia pellet prepared at 500oC taken 
at a 100 magnification. (Post experiments) 
It can be observed that the pores appear visibly larger and deeper, as compared to 
the observations made in figure 16. It is not quite certain whether the experiments are 
responsible for this marked difference. Another assumption is that the size of the post 
experiment pellet now being observed is significantly smaller due to handling during the 
experiments as compared to the pellet used to generate figure 17. Also observed are small 
lines and scratches. 
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 Figure 21: Zirconia prepared at 700oC under the light microscope (post experiments) 
Careful observation of this image reveals very tiny holes on the surface. The 
breaks and cracks on the edges and surface of the pellet are a result of usage. One quarter 
of the pellet was fractured out during the experiments. Physical damage of the pellet is 
generally observed. 
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 Figure 22: SEM image of the surface of zirconia pellet prepared at 700oC taken at a 100 
magnification. (Post experiment) 
The above image gives insight into how porous the material is. The surface is 
occupied by large and tiny pores of different depths. Visible scratches are noted as well. 
There are very obvious differences observed when compared to figure 18. One reason for 
this could be due to the angle that the pellet was sitting while being observed under the 
microscope. 
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 Figure 23: SEM image of the fractured surface of zirconia pellet prepared at 700oC taken 
at a 100 magnification. (Post experiments)  
Very wide and deep pores were observed. Unfortunately, it is not certain if the 
experiments are responsible for the widening of the holes as a proper inference cannot be 
drawn since the fractured surface of the Zirconia 700oC was not studied pre experiments.  
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3.7 Fluorescence analysis: 
The fluorescence measurements of both zirconia pellets were done.  
 
 
 
Figure 24: Fluorescence spectra of Zirconia prepared at 500oC 
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Figure 25: Fluorescence spectra of zirconia prepared at 700oC  
 
It was observed that both pellets had florescence at the same wavelength and 
peaked at approximately 405nm.  
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IV. CONCLUSION 
Zirconia that is zirconium dioxide exists in many crystallographic and amorphous 
forms. The unique surface chemistry and excellent chemical stability of this compound 
offers many possibilities for use as a column packing material for high-performance 
liquid chromatography (HPLC).  Zirconia is also extensively studied for its 
chromatographic applications because its surface can be modified dynamically, by adding 
a competing Lewis base to the mobile phase or permanently, by covering its surface with 
polymers. Zirconia is now used to replace silica and silica-based chromatographic 
supports in chromatography because of its inherent problems with pH range, chemical 
stability and thermal stability. 
The method of preparation and the thermal history of the samples influence 
greatly the properties of zirconia. However, zirconia’s properties are known to change 
over a long period of time. It is therefore better to use the crystalline zirconia rather than 
the amorphous to ensure reproducibility and repeatability of results as its 
chromatographic properties depends on its crystallinity. The surface area, pore volume 
and pore size depends strongly on the sample’s thermal history. Zirconia with high 
temperature treatment have been shown to have lower surface areas, lower pore volumes 
and lower pore sizes than those prepared at lower temperatures. This is evident from the 
results discussed in the previous chapter, whereby zirconia prepared at 500oC have higher 
surface area, pore volume and pore size. The absorption capability of zirconia prepared at 
500oC and 700oC were studied. It was observed that zirconia at 500oC absorbed slightly 
more ATP solution than the zirconia at 700oC under same experimental conditions.  
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The morphology of both sample pellets were also studied pre and post 
experiments.  Significant physical changes were observed on the samples post 
experiments.  
The florescence analysis was done on both samples post experiments. The 
spectrum obtained for zirconia at 500oC and 700oC showed a similar pattern in their 
intensities. 
However, the fluorescence spectrum maximum peak wavelength shifted 41nm 
(red shift) which signifies that the ATP is sensing a different environment from solution 
at 364nm to solid at 405nm. 
More work needs to be done to develop a complete understanding of zirconia’s 
surface chemistry, as the lack of knowledge and poor understanding of its unique surface 
is the major difficulty in achieving a wider variety of applications in HPLC. 
Future work to be done includes synthesizing more materials; obtain SEM images 
of the samples prior to experiments and after experiments for proper comparison of the 
morphology; surface area measurements of the samples pre and post experiments; 
continue to study the absorption capability of ATP on zirconia perhaps with a different 
buffer; perform fluorescence analysis on the solid ATP sample, isotherAm measurements 
and desorption studies. 
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